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exterior surface of the component, and/or embedding 



the energy converter within the component, and by, in 
the case of an active embodiment, coupling a mechani- 
cal-to-electromagnetic energy converter to an interior 
and/or exterior surface of the component 
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Description 

[0001] This invention relates to a metliod and apparatus for damping vibration in turfoomachine components and more 
particutarly to a method and apparatus that employs a mechanicaJ-to-electromagnetic energy transformer lor such 
5 damping. 

[0002] Under operating conditions, a turbomachine component, for example, a gas turbine airfoil, is subjected to a 
variety of forces. Some forces are dependent on rotor speed, e.g. centrifugal force, resulting in a steady state or slowly 
varying strain (change in dimension, 6.g. stretching or shortening) of the airfoil. Others result in a more dynamically var- 
ying strain, i.a commonly refened to as vibratory strain, and airfoil vibration, e.g. forced vibration (resonance or buffet- 
10 ing) and aero elastic Instability (flutter). The magnitudes of the forces and resulting strains depend on the engine 
operating conditions and the aircraft structural and aerodynamic properties. 

[0003] To prevent damage to the airfoil, the magnitudes of the steady state and vibratory strains must not exceed the 
structural capabilities (limits) of the airfoil. In order to keep the vibratory strain of the airfoil within limits, the engine is 
often operated at lower than optimum conditions, resulting in a reduced engine operating efficiency 

15 [0004] Various approaches exist for reducing airfoil vibration. Some of these approaches involve stiffening the struc- 
ture of the airfoil. The effect of stiffening is to adjust the resonant frequency of the airfoil to a value that is different from 
that of the vibratory force. Increased stiffness helps to prevent flutter-type vibratory strain. For example, a more rigidly 
constructed airfoil results in less vibration. However, a more rigid airfoil is often heavier (with associated disadvantages) 
and the optimum degree of rigidity is often not precisely known at the time that the airfoil is initially designed. Another 

20 approach makes use of a shroud, disposed at a midspan point on the airfoil. A midspan shroud has the effect of stiffen- 
ing the airfoil. In addition, the shrouds interact with one another to reduce vibration of mult'ple adjacent blades. How- 
ever, a midspan shroud tends to obstruct the airflow and thereby reduce turbomachine efficiency. 
[0005] Passive vilxati on damping is another approach for reducing the magnitud e of airfoil vibration . Passive vibration 
damping is a form of structural damping ttiat involves the dissipation of energy. One approach for passive damping 

25 employs sliding friction devices, such as those employed under blade platforms. This approach relies on friction to 
dampen vibratory motion. However, most blade vibratory motion occurs above the platform, for which under-platform 
devices have limited effectiveness. 

[0006] An active vibration control scheme has been proposed by Acton et al. In U.S. Patent 4,967,550. The scheme 
uses a control system with actuators to counter blade vibration. Acton et al. disclose that two categories of actuators 

30 involving direct contact with the blades:"(0 electromagnetically actuated shakers attached to the blades for introducing 
forces in the blades, and (ii) piezoelectric or magnetostrictive means internal of the blades to deform them by changing 
the relevant characteristics of such, for examples embedded piezoelectric aystals which could distort the blade and 
thereby affect the local structural properties of the blades, e.g. by increasing the structural damping.*' Piezoelectric 
materials convert electrical energy to mechanical energy, and visa versa. Unlike passive methods, an active control sys- 

35 tern, sometimes referred to as a feedback system, is complex, requiring sensors, signal processing circuits, actuators, 
and a power supply. Embedding piezoelectric crystals in the blade requires a complex fabrication process. "The combi- 
nation of an active control system and embedded piezoelectric crystals is not practical in terms of cost and complexity 
[0007] An object of the present invention at least in one aspect is to provide a method and apparatus for passive 
damping of vibratory strain in a turbomachine component that experiences high steady state strain using mechanical- 

40 to-electromagnetic energy conversion without an active control system. 

[0008] Another object of the present invention in another aspect is to provide a method and apparatus lor airfoil vibra- 
tion damping using mechanical-to-electromagnetic energy conversion without embedded actuators. 
[0009] The present invention reduces the magnitude of vibratory strain in a turbomachine component that experi- 
ences high steady state strain by, in the case of a passive embodiment, coupling a mechanical-to-electromagnetic 

45 energy converter to an interior and/or exterior surface of the component, and/or embedding the energy converter within 
the component, and by, in the case of an active embodiment, coupling a mechanical -to-electromagnetic energy con- 
verter to an interior and/or exterior surface of the component. Thus, the present invention eliminates the need for an 
active embodiment with embedded piezoelectric crystals. 

[001 0] Damping as referred to herein is defined to mean reducing vibratory strain in a component, whether accom- 

50 plished by dissipation or by stiffening. 

[001 1] Although passive vibration dampers that employ mechanical-to-electromagnetic energy conversion are known, 
until now, they have not been employed to dampen vibration of turbomachine components that experience high steady 
state stress. For example, with respect to rotating airfoils, the materials commonly used for passive damping, e.g. pie- 
zoelectric material, were not considered capable of providing sufficient damping. Le. dissipation of energy, to be of prac- 

55 tical value for passive damping vibration in airfoils. However, in accordance with the present invention, it has been 
determined that in regard to some types of turbomachine airfoil vibration, e.g. flutter, high frequency vibration modes, 
only a small amount of damping is needed. It has further been determined that passive vibration damping using 
mechantcal-to-electrical energy conversion can often provide sufficient damping to be effective. In some embodiments, 
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for example, such damping provides sufficient reduction in the magnitude of the strain on the airfoil that it enables the 
engine to be operated at closer to optimum conditions, and thereby achieve greater turbomachine efficiency. 
[0012] Although systems that employ mechanical-to-electronnagnetic energy conversion are known, until now, the 
mechanlcal-to-electrical energy converters in such systems have not been affixed to a surface of a turbomachine com- 

5 ponent that experiences high steady state stress. For example, with respect to a rotating airfoil, the mechanical-to-elec- 
tromagnetic energy converters suggested for such systems have* consisted of piezoelectric and magnetostrictive 
means internal of the blades, e.g. entfjedded piezoelectric crystals. There are many reasons for not affixing the 
mechanical-to-electrical energy converter to the surface of the blade. For example, a blade experiences very high 
steady state tensile strain during engine operation. Piezoelectric materials typically comprise a ceramic type of material 

10 and are thus susceptible to damage, i.e. cracking (breaking), or detaching (flying off) from the blade, in environments of 
such high steady state tensile strain. Furthermore, the magnitudes of the vibratory strains on an exterior surface of the 
blade is considered extreme for piezoelectrlcs. Another reason is to keep the mechanical-to-eiectrical energy convert- 
ers out of the airflow, so as not to upset the aerodynamic shape of the blade. Embedded crystals may also have been 
considered necessary to achieve effective damping. However, it fias been determined that the such materials may be 

15 suitably positioned on and attached to turtx)machinB airfoils to achieve effective damping without embedding it, in the 
form of crystals, within the structure of a blade. Moreover, it has been determined that because the vibratory stress is 
greater on the exterior of the blade, more effective vibration damping is often possible if the mechanical-to-electrical 
energy converters are coupled to an exterior surface of the t)lade, rather than embedded within the blade. 
[001 3] The present invention may be used to dampen any type (mode) of component vibration including but not limited 

20 to flutter (aeroelastic instability), resonance and buffet of airfoils. By reducing flutter for example, the airfoil can reliably 
operate at a higher pressure, thereby resulting in greater turbomachine efficiency. 

[0014] Prefenred embodiments of the invention will now be descrbed, by way of example only, and with reference to 
the accompanying drawings, in which: 

25 FIG. 1 is a perspective view of one type of piezoelectric component and electrical conductors that may be used in 
. the present invention; 

FIG. 2 is a perspective view of another type of piezoelectric component and electrical conductors that may be used 
in the present Invention: 

HG. 3 is a stack of piezoelectric components of the type in FIG. 2; 
30 RG. 4 is a perspective view of another type of piezoelectric cornponent and electrical conductors that may be used 

in the present invention; 

RG. 5A is a perspective view partially broke away of a gas turbine engine with which the present invention may be 
used; 

FIG. 5B is a perspective view of a portion of a fan section having a fan blade with which one or wore embodiments 
35 of the damper of the present inventbn may be used; . 

FIG. 6A is a side view representation of one possible mode of vibration for the blade of RG. 5B; 
FIG. 6B is a perspective view of an airfoil bending; 
FIG. 6C is a perspective view o1 an airfoil twisting; 

FIG. 7 is a stylized representation of the blade of RG. 5B and a first embodiment of the damper of the present 
40 Invention; 

RG. 8 Is a cross section view In the direction of 3-3 of a portion of the blade and an energy transformer of the 
damper of RG. 7; 

RG. 9 is a schematic representation of the electrical components and interconnection of the damper of FIG. 7; 

RG. 10 is a cross section view of 3-3 of a portion of the blade of RG. 7 and another emtxxjiment of the energy 
45 transformer of RG. 7; 

RG. 11 is a cross section view of a portion of the energy transformer of FIG. 1 0; 

RG. 12 is a perspective >^ew of a ductile conductor that may be used in the energy transformer of RG. 10; 

RG. 13 is a cross section view of a portion of another embodiment of the energy transformer of RG. 7; 

RG. 1 4 is a perspective vie^w of the blade of FIG. SB and another embodiment of the energy transformer of RG. 7; 
so RG. 1 5 is a perspective view of the blade of FIG. 5B and another embodiment of the energy transformer of RG. 7; 

RG. 16 is a plan view of a portion of the energy transformer of RG. 15; 

RG. 17 is a cross section in the direction of 17-17 of a portion of the blade of RG. 15, and a portion of the energy 
transformer of RG. 15; 

RG. 18 is a cross section view in the direction of 18-18 of a portion of the blade of RG. 15 and the energy trans- 

55 - - former of FIG. 15; _ _ _ _ _ _ , _ 

RG. 19 Is a cross section view of a portion of another embodiment of the blade of RG. 5B and another embodiment 
of the energy transformer of FIG. 7; 

RG. 20 is a cross section view of a portion of another embodiment of the blade of RG. 5B and the energy trans- 
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fbrmerof FIG. 19; 

FIG. 21 is a cross section view of a portion of another embodiment of the blade of RG. 5B and the energy trans- 
former of FIG. 7; 

FIG. 22 is a perspective view of a pair of adjacent fan blades mechanically coupled by a shroud, with which one or 
5 more embodiments of the damper of the present invention may be used; 

HG. 23 is a cross section view in the direction of 23-23 of a portiori of the blades and the shroud of RG. 22, and 
another embodiment of the energy transformer of FIG. 7, shown in a fan not operating slate; and 
RG. 24 is a cross section view of the blades, the shroud and the energy transformer of FIG. 23, shown In a fan 
operating state. 

10 

[001 5] The present invention is directed to the field of turbomachines, for use. for example, in solving the problem of 
vibration in turbomachine airfoils, e.g. a blade or a vane. To do this, tine present invention makes use of a class of mate- 
rials that convert mechanical energy to electromagnetic (I.e. electrical and/or magnetic) energy and visa versa. These 
materials are referred to herein as energy converting materials. 

15 [001 6] Some of tiie attributes of piezoelectric materials that are relevant to damping vibration in a turtx^machine airfoil 
are explained with respect to a generalized piezoelectric component illustrated in RG. 1. Referring now to FIG. 1. a 
component 40 comprises a block 42 of piezoelectric material. Piezoelectric mateirials can transform mechanical energy 
(in the nature of strain) to electrical energy (in the nature of electric charge) and visa versa. This characteristic Is often 
referred to as the "piezoelectric effect". The block 42 has associated with it an electrical axis 44 and a pair of physically 

20 and electrically opposite sides 46, 48 at opposite ends of the axis 44. If the component 40 is appropriately strained 
(deformed), e.g. stretched or compressed, a charge differential is induced between the opposite sides 46, 48. Similarly, 
if a charge differential is applied between the opposite sides 46, 48. mechanical strain is induced in the component 40. 
An electrically conductive electrode 50. 51 is disposed on each of tiie opposite sides 46. 48 to enable external electrical 
connection to the component 40. 

25 [001 7] It is customary to characterize the relative orientation between an applied strain and the electrical axis 44. This 
is because the magnitude of the charge differential (or strain) induced by the piezoelectric is related to the magnitude 
of the applied strain (or charge) by an electromechanical coupling coefficient k, which magnitude depends in turn on the 
relative orientatbn between the direction of the strain and the electrical axis 44. For example, an applied strain may be 
directed orthogonal 52 to the direction of the electrical axis (sometimes referred to as a transverse case), or. parallel 53 

30 to that of the electrical axis (sometimes referred to as a longitudinal case). Shear cases and complex combinations of 
all the cases are also possible. The transverse and longitudinal cases can be alternatively characterized as ds^ and das 
respectively, relative to an arbitrary rectangular coordinate system 54 having axes. 1, 2, and 3. The first digit of each 
subscript refers to the direction of the electrical axis 44 relative to the coordinate system. (It is conventional to orient tiie 
component such that tiie electrical axis is aligned with the 3 axis direction). The second digit refers to the direction 52. 

35 53 of the applied strain relative to tiie coordinate system. The magnitude of tiie coupling coefficient for the longitudinal 
case (d33, strain direction 53) is generally greater than that of the transverse case (dai, strain direction 52). 
[0018] The orientation of the electrical axis of a particular piezoelectric component is typically initially established in 
part as a result of a process called polling. Traditionally, polling involves a one time application of a select voltage dif- 
ferential between tiie to be electrically opposite sides. Relative to each otiier, one of tiie sides is charged positive and 

40 the otiier is charged negative This alters the piezoelectric at its crystalline level (reorienting domains) and tiiereby 
establishes the electrical axis. FIG. 2 illustrates a component 55 having a similar shape but different electrical axis 56 
orientation, i.e. different polling, than tiiat of the component 40 of RG. 1 , As with the component 40 of RG. 1 , a strain 
applied to component 5|5 may be directed orthogonal 52 (transverse case) or. parallel 53 (longitudinal case) to that of 
its electrical axis 56. 

45 [0019] The polFing process also causes changes to tiie physical dimensions of tiie piezoelectric component For 
example, upon polling tiie component of RG. 1, the component expands in the direction of the electrical axis and 
shrinks in all other directions. Some of the embodiments of the present invention make beneficial use of this phenom- 
enon as described hereinbelow. 

[0020] It is important to note that tiie parallel (longitudinal case, dss) orientation is traditionally implemented as a stack 
50 57 of electrically interconnected components 58 (see RG. 3) ratiier than as a single component (as in FIGS. 1 , 2). The 
stack is aw5ropriately compressed, end to end, to keep tiie elements from separating from each other. This has tradi- 
tionally been accomplished by positioning and tightening an adjustable clamp around tiie stack. The 6^ orientation has 
traditionally been used for actuation (e.g. for deforming small mirrors and in clam shell type speakers) and not for vibra- 
tion damping. A component 60 having a different (but less efficient) type of dss orientation is desaibed in U.S. Patent 
S5 4.491 .761 and Illustrated in RG. 4. 

[0021] The damper of tiie present invention is disclosed witii respect to embodiments for use witii a fan blade of tiie 
type used in a gas turi^ine engine lOustrated in RG. 5A. Refen^ing now to RG. 5A. a conventional gas turbine engine 62 
includes compressor 63. combustor 64. and turi^ine 65 sections disposed along a longitudinal axis 66 and encbsed in 



4 



BNSDOCID: <EP 092e387A2J_> 



EP0926 387 A2 

an engine case 67. Gas. i.e. air, 68 flows lon^tudinally through the engine 62. entering at an upstream end 69 of the ' 
connpressor section 63 and exiting at a downstream end 70 of the turbine section 65. 

[0022] The compressor includes a fan 71 , a low pressure compressor 72, and a high pressure compressor 73. The 
fan 71 includes a plurality of rotating airfoils 74, or blades. The low and high compressors 72, 73 each include alternat- 

5 ing stages of rotating blades 75. and stationary airfoils 76, or vanes. 

(0023] Referring now to RG. 5B. a portion 80 of a fan section comprises a fan disk 82 having a drcumferentially outer 
surface 83 with a slot 84 that receives a root 86 of a fan blade 88. The fan blade 88 further comprises an airfoil 90 having 
a leading edge 92. a trailing edge 94. a suction side 96. and a pressure side 98. The airfoil is positioned between cir- 
cumferentially spaced platforms 100, wherein one portion of the airfoil is situated radially outward of the platfomis 100 

10 and the other is radially inward of the platforms 100. The radially outward portion is in the path of and receives kinetic 
energy from the axlaily directed gas flow 68. The radially inward portion Is not in the gas flow 68 path. Dotted line 102 
demarcates the portion of the airfoil that is in the gas flow 68 path from the portion that is not 
[0024] Referring now to FIG. 6A. the blade 88 experiences steady state and vibratory fbrces during engine operation. 
A pair of dotted outlines 103, 104 represent a simplified illustration of some likely effects of these forces. First, the 

IS steady state forces cause the tdade to strain and stretch 1 05 in a radial direction 1 06. Second, the vibratory forces may 
cause the blade to bend and vibrate back and forth in a circumferential-like direction 107. FIG. 6B provides a perspec- 
tive view of the bending. The result of this vibration is an alternating stretching and compressing of the surfaces on the 
sides of the blade. From the perspective of the surfaces, this Is similar to a vibratory strain in the radial direction 106. 
The vibratory mode described here is typical of a flutter mode of vibration, although other vibratory modes are possible. 

20 The blade may also experience twisting (torsional) strains similar to that illustrated in RG. 6C. The magnitude of the 
strains generally vary from location to location across the blade. Undamped, the vibratory strains can become large and 
exceed that of the steady state strain. 

[0025] Referring now to RG. 7, a damper 108 comprises an energy transformer 1 10 affixed to the blade 88, and an 
electrical circuit 1 1 2. The energy transfomier is preferably located on a region of the blade where the magnitude of the 

25 vibratory strain is significant yet the steady state and vibratory strain is not so large as to cause damage to the energy 
transformer. Here, the energy transformer is affixed to a region on the pressure side, above the root but out of the gas 
path, it has been determined that this region has significant steady state and vibratory strain in the radial direction 106. 
The strain in an axial direction 1 14 is relatively low. However, depending on the magnitude and mode (e.g.. bend v. twist, 
relative strains on each side of the blade) of the blade vibration in the particular embodiment, it may be desirable to 

30 alternatively locate the energy transfonner on the suction side or to locate energy transformers on the suction and pres- 
sure sides of the blade. Note that the pressure side 98 generally encounters less debris than the suction side. 
[0026] The energy transformer 1 1 0 includes one or more converter components 1 1 6 each comprising an energy con- 
verting material, preferably a PZT (lead zirconate titanate) or composite of PZT type of piezoelectric ceramic material. 
The converters 116 may be substantially block-like in shape. In one embodiment, the converters have a shape with 

35 dimensions on the order of about 2 inches (5.08 cm) fong (radial direction), 2 inches (5.08 cm) wide (axial direction), 
and 0.1 to 0.2 inches (0.25 to 0.50 cm) thick (FIG. 8) (circumferential direction) , however the optimal shape (and quan- 
tity) of the converters will vary depending on size, shape and stresses of the blade. It is generally desirable for the con- 
verter components to have a size that enables them to conform to the contour of the blade. In the embodiment 
mentioned above, the blade has dimensions of about 40 inches (1 01 cm) long, and 1 8 inches (45.7 cm) wide. The con- 

40 verter components 116 may be located within a retainer 1 18 having a substantially frame-like shape that physically con- 
tacts the sides of the converter components 1 1 & The retainer 1 1 8 preferably comprises a polymer type of material. 
[0027] In this embodiment, the converter components 1 16 are oriented such that the direction of their electrical axis 
is substant'ally parallel to the circumferential direction. TNs represents a d3-( (orthogonal, transverse case) orientation 
relative to both the radially directed vibratory strain and the principal axis of steady state mechanical strain (the principal 

45 blade stretching direction). 

[0028] The converters 116 may be electrically Interconnected to each other via conductors 120 within the energy 
transformer 110. If so, the use of multiple redundant copper conductors 120 or a ductile conductive sheet is recom- 
mended for greater durability. Because the converter components are typically stiffer than the retainer 118, conductor 
1 20 spans 1 21 between the converter components 1 1 6 and the retainer 11 8 are preferably oriented in a direction of low 

so strain (e.g. the axial direction) in order to avoid damage to the conductors 120 when the energy transformer 110 is 
mechanically strained. 

[0029] The converter components 1 16 are electrically connected via conductors 122a. 122b to the electrical circuit 
1 12, which may be focated either in proximity to or remote from the energy transformer 1 10. As the blade 88 experi- 
ences vibratory strain, mechanical energy is coupled into the energy transfbmier 110 and transmitted to the converter 
SB components 116. The converter components 116 convert the mechanical energy to electrical energy that may be dis- 
sipated in the electrical circuit 112. further described hereinbelow. 

[0030] Referring now to RG. 8, as mentioned above, In one embodiment, the converter components 1 1 6 have a thick- 
ness 123 with a magnitude preferably on the order of from about 0.1 to 0.2 inches (0.25 to 0.50 cm). Electrically con- 
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with a resonant circuit arrangement, all of tlie electrical energy is not dissipated in the resistive component 1 44. Instead, 
some of the electrical energy is returned to the converter component, out of phase relative to the vibratory strain of the 
blade. The returned energy induces a strain in the converter component that opposes the vibratory strain of the blade. 
This result is a variation in the stiffness of the energy transformer throughout a particular range (band) of frequencies. 

5 and a decrease in vibratory stress throughout the range. 

[0038] One situation for which a resonant circuit is useful is as follows. High vibratory stresses may occur In a fan or 
other structure if the frequency of a periodic force matches a natural or fundamental frequency of the structure This is 
called forced harmonic vibration. The magnitude of the stress at resonance is determined by the magnitude of the forc- 
ing function and the mass, stiffness and structural damping of the structure. If the frequency of the forcing function is 

70 constant stress reduction can be achieved by increased damping or by changing the natural frequency of the structure, 
/.e. changing the mass or stiffness or both. 

[0039] By using a resonant circuit damping can be tuned (optimized from frequency and magnitude perspectives). 
fCM- a particular application. Thus, the desired damping may be achieved with fewer, smaller, and/ or lighter converter 
components compared to that without a resonant circuit. A dimensionless quantity Q is often used to describe a reso- 

75 nant circuit's characteristics. Q is defined as: Q= (resonant frequency)/bandwidth. A larger Q value results in a larger 
proportfon of the electrical energy being converted by the converter component back to mechanical strain. It should be 
understood that a resonant circuit may be provided by circuit topologies other than that employed in this embodiment 
[0040] In selecting an Inductor 1 46. it is important to recognize that the permeability of iron depends on the mechan- 
ical stress environment. Thus» an inductive component nnay have one inductance magnitude at one rotor speed and a 

20 different inductance magnitude at another rotor speed. Therefore, the inductor 1 46 should be designed such that it has 
the desired inductance at the expected mechanical stress level. Note that an inductor experiences less mechanical 
stress If located on the disk than if located on the blade. A wound torrold may provide the most stable magnitude induc- 
tor, but it may not provide the most efficient use of mass. If a gapped E frame is used, care should be taken to keep the 
gap distance constant. A non ferromagnetic such as a kapton wedge may be used to accomplish this. 

25 [0041 ] An active circuit may be used in place of a fixed magnitude inductive component 1 46. Such circuit may provide 
one or more sigiials to emulate those of the inductor 146 In the resonant circuit The active circuit could be powered by 
converted electrical energy that would othenwise be dissipated in the resistive component. The circuit may comprise an 
op amp or more preferably high efficiency discrete transistors. Such a circuit may weigh less than an Iron core inductor. 
The circuit may also be self tuning. That is. It may change its inductance magnitude to suit the application. In doing so. 

30 the circuit may sense the frequency of the converted electrical energy. One advantage of self tuning Is that damping 
characteristics may be tuned to the magnitude and frequency of vibration prevailing at any given moment. This is impor- 
tant in part because the magnitude and frequency of the blade vibration depends on the blade rotation speed, and dif- 
ferent rotation speeds may be employed during engine operation. 

[0042] The electric circuit may be kwated near the energy transformer. e.g. on the blade, in order to minimize the 
35 length of the interconnecting conductors, if the circuit is too large to locate on the blade, then it may be focated on or 
near the disK e.g. on the circumferentiaiiy outer surface 83 of the disk. It may be desirable to select a energy trans- 
famer that provides the highest possible capacitance in order to keep the magnitude of the Inductor low. This involves 
choices detailed hereinbelow. 

[0043] it should be understood that depending on the application, more than one electrical circuit may be desired. For 
40 example. In the best mode enibodiment, a single electric circuit is used to damp one or two modes of vibration. How- 
ever, if more modes. e.g. ten modes, required damping, then additional dissipative circuits may be appropriate. 
[0044] Referring now to RG. 10, an alternate embodiment for an energy transformer 150 comprises converter com- 
ponents 152 which function substantially the same as but are not as thick as the converter components 116 in the 
energy transformer 110 of the first embodiment These components 152 preferably have a shape that is sheet-like, 
45 defined herein as having a length dimension (radial direction) and width dimension (axial direction) substantially greater 
than a thickness dimension (circumferential direction). In one embodiment, the dimensions of the components are on 
the order of about 2 inches (50.8 mm) long (radial direction). 2 inches (50.8 mm) wkle (axial direction), and 0.02 Inches 
(0.508 mm) thick (circumferential direction), however, the optimal shape (and quantity) of the converters will vary 
depending on size, shape and stresses of the blade. The converter components 152 are ananged In one or more lay- 
so ers" in a retainer 154 such as. for example, a preform comprised of a polymer or suitable alternate type of material. 
[0045] Referring now to FIG. 11. adjacent converter component 152 layers may be oriented such that their polled 
directions are oppositely directed (180 degree difference) from one another, i.e. positively polled electrodes in one layer 
face positively polled electrodes in an adjacent layer, negatively polled electrodes in one layer face negatively polled 
electrodes in an adjacent layer. This component 152 orientation makes electrical Interconnection of like polled elec- 
55 trodes easier. For example, a continuous ductile electrical conductor 156 such as that shown in RG. 12 may be used 
to interconnect like polled terminals situated within adjacent layers. Holes 157 may be incorporated into the ductile con- 
ductor, to improve bonding between the layers of converter components 1 52, The converter components 1 52 may alter- 
natively be oriented with their poling directions aligned with each other, as shown in FIG, 13. However, such orientation 
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requires an electrical insulator layer 158 betweeri the layers of converter components 152 to prevent electrical connec- 
tion between dissimilarly polled electrodes. 

[0046] Refemng again to FIG. 10. the energy transformer 150 further comprises polymer layers 160, 162 which are 
substantially similar to corresponding polymer layers 126. 128 (FIG. 8) In the energy transformer 1 10. The transformer 

5 may further comprise an adhesive layer 164 and fillets 166 which are substantially the same as corresponding adhesive 
layer 132 (FIG. 8) and fillets 134 (FIG. 8) in the energy transfomner 1 10. The edges of the energy transformer 150 may 
be contoured to alleviate stress concentrations on its corners. As with the energy transformer 1 10 (RG. 8) of the first 
embodiment, the energy transformer 1 50 is preferably joined together into a single unit. Adhesive layers (not shown) 
are typically employed between layers of converter components 1 52 for this purpose. The size and weight of the energy 

w transformer will typically depend on the desired amount of vibration damping. 

[0047] In a preferred process for affixing the energy transformer 150 to the blade, the converter components 1 52 are 
first arranged in layers in the retainer 154. The retainer 154 preferably comprises either a thermal set or chemically acti- 
vated polymer material and is initially in a flexible form. Pressure is applied either by a moid of Identical shape as that 
of the relevant portion of the ^n blade or by gas pressure across a bladder as is done in autoclave processing. The 

IS application of pressure causes the retainer 1 54 to conform to the shape of the fan blade. During this process, each indi- 
vidual converter component 152 may bend slightly to better conform to the fan blade 88. The retainer 154 hardens to 
its final shape. An adhesive layer 164 between the pack and the blade 88 is added if necessary. Alternatively, the 
retainer may be shaped without the blade, e.g. using the process above and later affixed to the blade. 
[0048] This embodiment has several advantages compared to the first embodiment. The converter components 152 

20 elements are thinner and as obtained commercially, often of higher quality, i.e. smaller size and fewer flaws per cubic 
inch, than the components 116 (HG. 8} in the first embodiment. This results in greater strength per square inch. These 
converter components 152 are also more flexible than those in the first embodiment, and therefore are more easily con- 
formed to the shape of the blade. Thus, individual grinding of the components is not essential, nor must the blade have 
flat spots. Furthermore, the thinner converter components 152 may couple mechanical strain more efficiently than the 

25 thicker converter components 116 and may be more tolerant of high steady state strains. However, this embodiment 
may result in a lower overall strain transfer coeff ici ent for the energy transformer 1 50 than that of the energy transformer 
1 10 (FIG. 8) because of the additional glue layers between the layers of converter components 152. Such layers poten- 
tially hinder the transfer of mechanical strain from the blade to the converter components 152. As in the first entKxii- 
ment, care should be taken when selecting and orienting materials. Although shown staggered, the converter 

30 components 152 may alternatively be oriented in substantial registration with each other. 

[0049] The energy transformer 1 50 may be configured to provide any of various different capacitance magnitudes by 
alternatively interconnecting the converter components 152 in parallel, series, or a combination thereof. It should be 
understood that for a given volume, an energy transformer witii 0.01 Inch (0.254 mm) thick converter components can 
provide a factor of 1 00 greater capacitance than that provided by an energy transformer with 0. 1 1nch (2.54 mm) thick 

3S components. (This is because the thinner components provide ten times closer spacing of the component electrodes, 
and also enable ten times as many converter components to be packed within a given volume, potentially resulting In a 
ten times as much cumulative electrode surlace area.) A greater capacitance magnitude permits a smaller magnitude 
inductor 1 46 (FIG. 9) with obvious weight and placemient advantages. 

[0050] TTie operation of a damper having an energy transformer similar to the energy transformer 1 50 has been dem- 
40 onstrated on a 1 7 inch (43.1 cm) fan blade for preventing flutter. The parameters of the damper were as follows: 



fc)tade weight: 

converter component (piezoelectric) weight 
piezoelectric capacitance 
45 blade flutter frequency 
resistor without inductor 
resistor witii inductor 
inductor 



0.305 pounc^ (13Bg) 

0.0198 pounds (8.98g) 

165nanofarads 

292 hertz 

3000 ohms 

500 ohms 

1.7 henries 



so [0051 J Referring now to Fia 14, in another embodiment, an energy transformer 1 70 may be substantially similar to 
the energy transformers 1 10 (FIG. 8). 1 50 (FIG. 10) described above, but may be provided witii slots 1 72 in the retainer 
174. Such slots 172 afford tiie energy transformer 170 withgreaterflexibility thereby facilitating greater conformance to 
the blade 88. Although shown with converter components 176 that are larger than converter components 1 16 (FIG. 8). 
152 (FIG. 10), larger converter components are not required. 

55 [0052] As mentioned above, the magnitude of tiie steady state strain should be considered when selecting a design 
and location for ^e energy transformer. Excessively high dai directed steady state strains can degrade the electrome- 
chanical coupling coefficient of piezoelectre material. Such strains can also crack tiie piezoelectric components. Note 
that commercial piezoelectric material typically cracks at 1,000 to 1.500 ppm strain (after polling). Higher quality piezo- 
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(54) Method and apparatus for damping vibration in turbomacliine components 



(57) A method and apparatus reduces the magni- 
tude of vibratory strain in a turbomachine component 
that experiences high steady state strain by, in tlie case 
of a passive embodiment, coupling a mechanical-to- 
electromagnetic energy converter to an interior and/or 
exterior surface of the component, and/or embedding 



the energy converter within the component, and by, in . 
the case of an active emt)odlment, coupling a mechani* 
cal-to-electromagnetic energy converter to an interior 
and/or exterior surface of the component. 
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Description 

[0001] This invention relates to a method and apparatus for danping vibration in turbomachine components and more 
particularly to a method and apparatus that employs a mechanical-to-electromagnetic energy transformer for such 
5 damping. 

[0002] Under operating conditions, a turbomachine conrponent. for example, a gas turbine airfoil, is subjected to a 
variety of forces. Some forces are dependent on rotor speed, e.g. centrifugal force, resulting in a steady state or slowly 
varying strain (change in dimension, e.g. stretching or shortening) of the airfofl. Others result in a more dynamically var- 
ying strain, i.e. commonly refen-ed to as vibratory strain, and airfoil vibration, e.g. forced vibration (resonance or buffet- 
10 ing) and aero elastic instability (flutter). The magnitudes of the forces and resulting strains depend on the engine 
operating conditions and the aircraft structural and aerodynamic properties. 

[0003] To prevent damage to the airfoil, the magnitudes of the steady state and vibratory strains must not exceed the 
structural capabilities (limits) of the airfoil. In order to keep the vbratory strain of the airfoil withiri limits, the engine is 
often operated at lower than optimum conditions, resulting in a reduced engine operating efficiency. 

15 [0004] Various approaches exist for reducing airfoil vibration. Some of these approaches involve stiffening the struc- 
ture of the airfoil. The effect of stiffening is to adjust the resonant frequency of the airfoil to a value that is different from 
that of the vibratory force. Increased stiffness helps to prevent flutter-type vibratory strain. For example, a more rigidly 
constructed airfoil results in less vibration. However, a more rigid airfoil is often heavier (with associated disadvantages) 
and the optimum degree of rigidity is often not precisely known at the time that the airfoil is initially designed. Another 

20 approach makes use of a shroud, disposed at a midspan point on the airfoil. A midspan shroud has the effect of stiffen- 
ing the airfoil. In addition, the shrouds interact with one another to reduce vibration of multiple adjacent blades. How- 
ever, a midspan shroud tends to obstruct the airflow and thereby reduce turbomachine efficiency. 
[0005] Passive vibration damping is another approach for reducing the magnitude of airfoil vibration. Passive vibration 
damping is a form of structural dampng that involves the dissipation of energy. One approach for passive damping 

25 employs sliding friction devices, such as those employed under blade platforms. This approach relies on friction to 
dampen vibratory motion. However, most blade vibratory motion occurs above the platform, for which under-platform 
devices have limited effectiveness. 

[0006] An active vibration control scheme has been proposed by Acton et al. in U.S. Patent 4.967,550. The scheme 
uses a control system with actuators to counter blade vibration. Acton et al. disclose that two categories of actuators 

30 involving direct contact with the blades:"(i) electromagnetically actuated shakers attached to the blades for introducing 
forces in the Islades, and (ii) piezoelectric or magnetostrictive means internal of the blades to deform them by changing 
the relevant characteristics of such, for exarnples embedded piezoelectric crystals which could distort the blade and 
thereby affect the local structural properties of the blades, e.g. by increasing the structural damping." Piezoelectric 
materials convert electrical energy to mechanical energy, and visa versa. Unlike passive methods, an active control sys- 

35 tem, sometimes referred to as a feedback system, is complex, requiring sensors, signal processing circuits, actuators, 
and a power supply. Embedding piezoelectric crystals in the blade requires a complex fabrication process. Hie connbi- 
nation of an active control system and embedded piezoelectric aystals is not practical in terms of cost and complexity. 
[0007] An object of the present invention at least in one aspect is to F»'ovide a method and apparatus lor passive 
damping of vibratory strain in a turbomacNne component that experiences high steady state strain using mechanical- 

40 to-electromagnetic energy conversion without an active control system. 

[0008] Another object of the present invention in another aspect is to provide a method and apparatus for airfoil vibra- 
tion damping using mechanical-to-electromagnetic energy conversion without embedded actuators. 
[0009] The present invention reduces the magnitude of vibratory strain In a toibomachine component that experi- 
ences high steady state strain by. in the case of a passive embodiment, coupling a mechanical-to-eiectromagnetic 

45 energy converter to an interior and/or exterior surface of the component, and/or embedding the energy converter within 
the component, and by, in the case of an active embodiment, coupling a mechanical-to-electromagnetic energy con- 
verter to an interior and/or exterior surface of the component. Thus, the present invention eliminates the need for an 
active embodiment with embedded piezoelectric crystals. 

[0010] Damping as referred to herein is defined to mean reducing vibratory strain in a component, whether accom- 

so plished by dissipation or by stiffening. 

[001 1 ] Although passive vibration dampers that employ mechanical-to-eiectromagnetic energy conversion are known, 
until now, they have not been employed to dampen vibration of turbomachine components that experience high steady 
state stress. For example, with respect to rotating airfoils, the materials commonly used for passive damping, e.g. pie- 
zoelectric material, were not considered capable of providing sufficient damping, i.e. dissipation of energy, to be of prac- 

55 tical value for passive damping vibration in airfoils. However, in accordance with the present invention. It has been 
determined that in regard to some types of turbomachine airfoil vibration, e.g. flutter, high frequency vibration modes, 
only a small amount of damping is needed. It has further been determined that passive vibration damping using 
mechanical-to-electrical energy conversion can often provide sufficient damping to be effective. In some embodiments. 
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for example, such damping provides sufficient reduction in the magnitude of the strain on the airfoil that it enables the 
engine to be operated at closer to optimum conditions, and thereby achieve greater turbomachine efficiency. 
[00121 Although systems that employ mechanical-to-electromagnetic energy conversion are known, until now. the 
mechanical-to-electrical energy converters in such systems have not been affixed to a surface of a turborachine com- 

5 ponent that experiences high steady state stress. For example, with respect to a rotating airfoil, the mechanical-to-elec- 
tromagnetic eneigy converters suggested for such systems have* consisted of piezoelectric and magnetostrictive 
means internal of the blades, e.g. embedded piezoelectric crystals. There are many reasons for not affixing the 
mechanlcal-to-electrical energy converter to the surface of the blade. For exanrple. a blade experiences very high 
steady state tensile strain during engine operation. Piezoelectric materials typically comprise a ceramic type of material 

10 and are thus susceptible to damage, i.e. cracking (breaking), or detaching (flying off) from the blade, in environments of 
such high steady state tensile strain. Furthermore, the magnitudes of the vibratory strains on an exterior surface of the 
blade is considered extreme for piezoelectrics. Another reason is to keep the mechanical-to-electrical energy convert- 
ers out of the airflow, so as not to upset the aerodynamic shape of the blade. Embedded crystals may also have been 
considered necessary to achieve effective damping. However, it has been determined that the such materials may be 

15 suitably positioned on and attached to turbomachine airfoils to achieve effective damping without embedding it, in the 
form of crystals, within the structure of a Wade. Moreover, it has been determined that because the vibratpry stress is 
greater on the exterior of the blade, more effective vibration damping is often possible if the mechanical-to-eleckrical 
energy converters are coupled to an exterior surface of the blade, rather than embedded within the blade. 
[001 3] The present invention may be used to dampen any type (mode) of component vibration including but not limited 

20 to flutter (aeroelastic instability), resonance and buffet of airfoils. By reducing flutter for example, the airfoil can reliably 
operate at a higher pressure, thereby resulting in greater turbomachine efficiency. 

1001 4] Pref en-ed embodiments of the invention wBI now be described, by way of example only, and with reference to 
the accompanying drawings, in which: 

25 FIG. 1 is a perspective view of one type of piezoelectric component and electrical conductors that may be used in 
. the present invention; 

FIG. 2 is a perspective view of another type of piezoelectric component and electrical conductors that may be used 
in the present invention: 

RG. 3 is a stack of piezoelectric components of the type in FIG. 2; 
30 RG. 4 Is a perspective view of another type of piezoelectric conrponent and electrical conductors that may be used 
in the present invention; 

RG. 5A is a perspective view part^ly broke away of a gas turbine engine with which the present invention may be 
used; 

FIG. 5B is a perspective view of a portion of a fan section having a fan blade writh which one or more embodiments 
35 of the damper of the present invention may be used; ; 

RG. 6A is a side view representation of one possible mode of vibration for the blade of FIG. 5B; 
FIG. 6B is a perspective view of an airfoil bending; 
RG. 6C is a perspective view of an airfoil twisting; 

FIG- 7 is a stylized representation of the blade of RG. 5B and a first embodiment of the damper of the present 
40 invention; 

RG. 8 is a aoss section view in the direction of 3-3 of a portion of the blade and an energy transformer of the 
damper of FIG. 7; 

RG. 9 is a schematic representation of the electrical components and interconnection of the damper of FIG. 7; 

RG. 10 is a cross section view of 3-3 of a portion of the blade of RG. 7 and another embodiment of the energy 
45 transformer of RG- 7; 

RG. 11 is a cross section view of a portion of the energy transformer of RG. 10; 

RG. 12 is a perspective view of a ductile conductor that may be used in the energy transformer of RG. 10; 

RG. 13 is a cross section view of a portion of another embodiment of the energy transformer of RiG. 7; 

RG. 1 4 is a perspective view of the blade of FIG. 5B and another embodiment of the energy transformer of RG. 7; 
so RG. 1 5 is a perspective view of the blade of FIG- 5B and another embodiment of the energy transformer of RG. 7; 

RG. 16 is a plan view of a portion of the energy transformer of RG. 15; 

RG. 1 7 is a cross section in the direction of 1 7-1 7 of a portion of the blade of RG. 1 5, and a portion of the energy 

transformer of RG. 1 5; 

RG. 18 is a cross section view in the direction of 18-18 of a portion of the blade of RG. 15 and the energy trans- 
55 former of FIG. 15; 

RG. 19 is a cross section view of a portion of another embodiment of the blade of FIG. 5B and another embodiment 
of the energy transfonner of RG. 7; 

RG. 20 Is a cross section view of a portion of another embodiment of the blade of RG. SB and the energy trans- 
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formerof FIG. 19; 

FIG. 21 is a cross section view of a portion of another embodiment of tfie blade of RG. 5B and the energy trans- 
former of FIG. 7; 

FIG. 22 is a perspective view of a pair of adjacent fan blades mechanically coupled by a shroud, with which one or 
5 more embodiments of the damper of the present invention may be used; 

FIG. 23 is a cross section view in the direction of 23-23 of a portion of the blades and the shroud of FIG. 22. and 
another embodiment of the energy transformer of FIG. 7» shown in a fan not operating state; and 
RG. 24 is a cross section view of the blades, tlie shroud and the energy transformer of FIG. 23. shown in a fan 
operating state. 

10 

[001 5] The present invention is directed to the field of turbomachines, for use, for example. In solving the problem of 
vibration in turt)omachine airfoils, e.g. a trfade or a vana To do this, the present invention makes use of a class of mate- 
rials that convert mechanical energy to electromagnetic (i.e. electrical and/or magnetic) energy and visa versa. These 
materials are referred to herein as energy converting materials. 

IS [001 6] Sorne of the attributes of piezoelectric materials that are relevant to damping vibration in a tuitxsmachine airfoil 
are explained with respect to a generalized piezoelectric component illustrated in RG. 1. Refening now to RG. 1, a 
component 40 comprises a block 42 of piezoelectric material. Piezoelectric materials can transform mechanical energy 
(in the nature of strain) to electrical energy (in the nature of electric charge) and visa versa. This characteristic is often 
referred to as the "piezoelectric effect". The block 42 has associated with it an electrical axis 44 and a pair of physically 

20 and electrically opposite sides 46, 48 at opposite ends of the axis 44. If the component 40 is appropriately strained 
(deformed), e.g. stretched or conpressed, a charge differential is induced between the opposite sides 46. 48. Similariy, 
. if a charge differential is applied between the opposite sides 46, 48, mechanical strain Is induced in the component 40. 
An electrically conductive electrode 50. 51 is disposed on each of the opposite sides 46, 48 to enable external electrical 
connection to the component 40. 

25 [001 71 It is customary to characterize the relative orientation between an applied strain and the electrical axis 44. This 
is because the magnitude of the charge differential (or strain) Induced by the piezoelectric is related to the magnitude 
of the applied strain (or charge) by an electromechanical coupling coefficient k. which magnitude depends in turn on the 
relative orientation between the direction of the strain and the electrical axis 44. For example, an applied strain may be 
directed orthogonal 52 to the direction of the electrical axis (sometimes referred to as a transverse case), or, parallel 53 

30 to that of the electrical axis (sometimes referred to as a longitudinal case). Shear cases and complex combinations of 
all the cases are also possible. The transverse and longitudinal cases can be alternatively characterized as dsi and daa 
respectively, relative to an arbitrary rectangular coordinate system 54 havir^^axes, 1, 2. and 3. The first digit of each 
subscript refers to the direction of the electrical axis 44 relative to the coordiriate system. (It is conventional to orient the 
component such that the electrical axis is aligned with the 3 axis direction). The second digit refers to the direction 52. 

35 53 of the applied strain relative to the coordinate system. The magnitude of the coupling coefficient for the longitudinal 
case (d33. strain direction 53) is generally greater than that of the transverse case (dai, strain direction 52). 
[0018] The orientation of the electrical axis of a particular piezoelectric component is typically initially established in 
part as a result of a process called polling. Traditionally, polling Involves a one time application of a select voltage dif- 
ferential between the to be electrically opposite sides. Relative to each other, one of the sides is charged positive and 

40 the other is charged negative. This alters the piezoelectric at its crystalline level (reorienting domains) and thereto 
establishes the electrical axis. FIG. 2 illustrates a component 55 having a similar shape but different electrical axis 56 
orientation, I.e. different polling, than that of the component 40 of FIG. 1 . As with the componem 40 of RG. 1 . a strain 
applied to component 55 may be directed orthogonal 52 (transverse case) or. parallel 53 (longitudinal case) to that of 
its electrical axis 56. 

45 [0019] The polling process also causes changes to the physical dimensions of the piezoelectric component For 
example, upon polling the component of RG. 1, the component expands in the direction of the electrical axis and 
shrinks in all other directions. Some of the embodiments of the present Invention make beneficial use of this phenom- 
. enon as described hereinbelow. 
[0020] It is important to note that the parallel (longitudinal case, dgs) orientation is traditionally Implemented as a stack 

50 57 of electrically interconnected components 58 (see RG. 3) ratherthan as a single component (as in RGS. 1 , 2). The 
stack is appropriately compressed, end to end. to keep the elements from separating from each other. This has tradi* 
tionally been accomplished by positioning and tightening an adjustat^te clamp around the stack. The 62a orientation has 
traditionally been used for actuation (e.g. for deforming small mirrors and in clam shell type speakers) and not for vibra- 
tion damping. A component 60 having a different (but less efficient) type of 6zz orientation is described in U.S. Patent 

55 4.491 .761 and illustrated In RG. 4. 

[0021] The damper of the present inventbn is disclosed with respect to embodiments for use with a fan blade of the 
type used in a gas turi^ine engine illustrated in RG. 5A. Referring now to FIG. 5A. a conventional gas turbine engine 62 
includes compressor 63, combustor 64, and turiaine 65 sections disposed along a tongitudinal axis 66 and enclosed in 
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an engine case 67. Gas, i.e. air, 68 flows longitudinally through the engine 62. entering at an upstream end 69 of the 
compressor section 63 and exiting at a downstream end 70 of the turbine section 65. 

[00221 The ccmpressor includes a fan 71 . a low pressure compressor 72, and a high pressure compressor 73. The 
fan 71 includes a plurality of rotating airfoils 74. or blades. The low and high compressors 72. 73 each Include alternat- 

5 Ing stages of rotating blades 75. and stationary airfoils 76. or vanes. 

100231 Referring now to RG. 5B, a portion 80 of a fan section comprises a fan disk 82 having a drcumferentially outer 
surface 83 wrth a slot 84 that receives a root 86 of a fan blade 88. The tan blade 88 further comprises an airfoil 90 having 
a leading edge 92. a trailing edge 94. a suction side 95. and a pressure side 98. The airfoil is positioned between dr- 
cumferentially spaced platfonns 1 00. wherein one portion of the airfoil is situated radially outward of the platforms 100 

10 and the other Is radially inward of the platforms 100. The radially outward portion is in the path of and receives Wnelic 
energy from the axially directed gas flow 68. The radially inward portion is not in the gas flow 68 path. Dotted line 10? 
demarcates the portion of the airfoil that is in the gas flow 68 path from the portion that is not, 
[00241 Referring now to RG. 6A. the Wade 88 experience steady state and vbratory forces during engine operation. 
A pair of dotted outlines 103, 104 represent a simplified Illustration of some likely effects of these forces. First, the 

IS steady state forces cause the blade to strain and stretch 1 05 in a radial direction 1 06. Second, the vibratory forces may 
cause the blade to bend and vibrate back and forth in a circumferential-like direction 107. RG. 6B provides a perspec- 
tive view of the bending. The result of this vibration is an alternating stretching and compressing of the surfaces on the 
sides of the Wade. From the perspective of the surfaces, this is similar to a vibratory strain in the radial direction 1 05. 
The vibratory mode described here is typical of a flutter nrwde of vibration, although other vibratory modes are possiWe. 

20 The Wade may also experience twisting (torsional) strains similar to that illustrated in RG. 6C. The magnitude of the 
strains generally vary from location to location across the blade. Undamped, the vibratory strains can become large and 
exceed that of the steady state strain. 

[00251 Referring now to FIG. 7. a damper 108 comprises an energy transformer 1 10 affixed to the blade 88, and an 
electrical circuit 1 1 2. The energy transformer is preferably located on a region of the Wade where the magnitude of the 

25 vibratory strain is significant yet the steady state and vibratory strain is not so large as to cause damage to the energy 
transformer. Here, the energy transformer is aff ixed to a region on the pressure side, above the root but out of the gas 
path. It has been determined that this region has significant steady state and vibratory strain in the radial direction 106. 
The strain in an axial direction 1 14 is relatively low. However, depending on the magnitude and mode (e.g., bend v. twist, 
relative strains on each side of the Wade) of the blade vibration in the particular embodiment, it may be desirable to 

30 alternatively locate the energy transfbnmer on the suction side or to locate energy transformers on the suction and pres- 
sure sides of the blade. Note that the pressure side 98 generally encounters less debris than the suction side. 
[0026] The energy transformer 1 1 0 includes one or more converter components 1 16 each comprising an energy con- 
verting material, preferably a PZT (lead zirconate titanate) or composite of PZT type of piezoelectric ceramic material. 
The converters 116 may be substantially block-like in shape. In one embodiment, the converters have a shape with 

35 dimensions on the order of about 2 inches (5.08 cm) bng (radial direction), 2 inches (5.08 cm) wide (axial direction), 
and 0.1 to 0.2 inches (0.25 to 0.50 cm) thick (FIG. 8) (circumferential direction), however the optimal shape (and quan- 
tity) of the converters will vary depending on size, shape and stresses of the blade. It Is generally desiraWe for the con- 
verter components to have a size that enables them to conform to the contour of the Wade. In the embodiment 
mentioned above, the blade has dimensions of about 40 inches (1 01 cm) long, and 1 8 inches (45.7 cm) wide. The con- 

40 verter components 1 1 6 may be located within a retainer 1 1 8 having a substantially frame-like shape that physically con- 
tacts the sides of the converter components 1 1 6. The retainer 1 1 8 preferaWy comprises a polymer type of material. 
[0027] In this embodiment, the converter components 1 1 6 are oriented such that the direction of their electrical axis 
is substantially parallel to the drcumferental direction. TKs represents a dst (orthogonalf transverse case) orientation 
relative to both the radially directed vibratory strain and the principal axis of steady state mechanical strain (the principal 

45 blade stretching direction). 

[0028] The converters 116 may be electrically interconnected to each other via conductors 120 within the energy, 
transformer 110. If so, the use of multiple redundant copper conductors 120 or a ductile conductive sheet is recom- 
mended for greater durabiBty. Because the converter components are typically stiffer than the retainer 1 1 8, conductor 
1 20 spans 1 21 between the converter components 1 16 and the retainer 1 1 8 are preferably oriented in a direction of low 

so strain (e.g. the axial direction) in order to avoid damage to the conductors 120 when the energy transfomier 110 is 
mechanically strained. 

[0029] The converter components 1 16 are electrically connected via conductors 122a. 122b to the electrical circuit 
112. which may be located either in proximity to or remote from the energy transformer 110. As the blade 88 experi- 
ences vibratory strain, mechanical energy is coupled into the energy transformer 1 10 and transmitted to the converter 
55 components 1 16. The converter components 116 convert the mechanical energy to electrical energy that may be dis- 
sipated in the electrical circuit 1 1 2, further desaibed hereinbelow. 

[0030] Referring now to RG. 8, as mentioned above, in one embodiment, the converter components 116 have a thick- 
ness 123 with a magnitude preferaWy on the order of from about 0.1 to 0.2 inches (0.25 to 0.50 cm). Electrically con- 
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ductive electrodes 124 {e.g. metalized surfaces) are disposed on opposite sides of the corwerter components 116 
tliereby enabling electrical connection to the components 1 1 6. The converters 116 are typically polled prior to assembly 
of the energy transformer, such that one of the electrodes 124 on each converter component 1 16 is positively polled 
and the other of the electrodes 124 is negatively polled. The conductors 120 interconnect the likeiDolied electrodes of 

5 the converter components 1 16 and preferably comprise conductive strips affixed to inner and outer polymer layers 126, 
128 (as in conductive strips on a printed circuit board). The conductors 120 may alternatively comprise a continuous 
electrical saeen that may be affixed to the poi/mer layers. The polymer layers 1 26, 128 preferably conrtprise an Insulat- 
ing material such as for example, kapton, to electrically insulate the energy transformer from the blade 88. The polymer 
layers 126, 128 also provide sealing to protect the converter components 1 16 from the environment outside the energy 

10 transformer 1 10. The energy transformer is preferatrfy joined together into a single unit This may be achieved by adhe- 
sive 130, 131 between the polymer layers 126, 128 and the converter components 116. The energy transformer could 
alternatively be joined together by placing all of the elements in proper positional relationship within a moid and pres- 
sure injecting a polymer or adhesive material thereinta As a further alternative, the polymer layers may comprise a 
material that could be formed and cured to hold the energy transformer together. 

75 [0031] The energy transformer 1 10 is preferably affixed to the blade 88 in such a way as to maximize mechanical 
strain energy transfer to the converter component 116. This typically involves the use of a layer 132 of adhesive, e.g. 
an epoxy. that can transmit mechanical strain energy A thin membrane of adhesive that can be cut as a sheet and made 
to conform to the blade is recommended. A preferred process for bonding the energy transformer to the blade com- 
prises placing the adhesive layer on the blade, placing the energy transformer superjacent the adhesive layer, and 

20 applying suitable pressure and temperature, e.g. In an autoclave, to obtain the desired bond. Any other suitable process 
including those involving clamps may also be used. 

[0032] In this embodiment, in order to maximize strain energy transfer, the distance between the converter compo- 
. nents 1 16 and the fan blade Is as small as possible. Thus, the layers situated between the converter components 1 16 
and blade 88 are no thicker than necessary. In addition, the energy transformer 1 10 preferably conforms to the blade 
25 88 to the maximum extent practical. A gap of even a few mils (1 mil s 25.4 \m) can significantly impede effective strain 
transfer. To achieve conformity, each of the converter components may be ground to match the local curvature of the 
blade. Alternatively the tilade surface may be formed having or machined to have one or more generally flat surface 
regions suitable for locating the energy transformer. 

[0033] However, in some embodiments, a small gap between the converter components and the blade is desirable. 

30 Whether a gap is advantageous or not depends on the thickness of the blade and the thickness of the converter com- 
ponent. If the converter component is too thick it does not make a good damper and a gap makes it even worse. A thin 
converter component can sometimes be more effective if a gap is provided. The gap is preferably filled with a material 
that facilitates an increase in the effectiveness of the converter component, i.e. if the gap is filled with something as stiff 
as the blade then there may be no increase in effectiveness of the converter component 

35 [0034] A fillet 134 Is preferably formed along the edges of the energy transformer to prevent the edges from delami- 
nating during engine operation due to tensile stress. The fillet may comprise an adhesive or any other suitable material. 
The radius and gradual transition provided by the fillet reduces the concentration of stress at the edges of the energy 
transformer If a larger fillet is desired, the fillet may be supplemented with a suitable material such as silicone rubber, 
e.g. RTV. The fillet may have passages for the electrical conductors 122a, 122b to pass through. Although not shown. 

40 the edges of the energy transformer 1 1 0 itself may be contoured to alleviate stress concentrations on its corners. A con- 
cave contour is generally best, txit any other suitable contour, e.g. convex, linear, etc. may also be used. 
[0035] The size and weight of the energy transformer will typically depend on the desired amount of vibration damping 
and the efficiency of the damper. This in turn depends on the overall system objectives arxJ parameters, including for 
example, the characteristics of the blade, it also depends on the location of the energy transformer on the blade. Gen- 

45 erally speaking, a snnall amount of damping can provide a large improvement in the flutter boundary For example, suf- 
ficient damping may be provided by a energy transformer weighing only 2 or 3 percent the weight of the blade. To make 
efficient usage of the converter components, it is generally desirable to have a large percentage of their volume located 
where the magnitude of the strain is highest However, if the converter components are too thk:k and/or rigid, effective 
transfer of mechanical strain from the blade to the components may be impeded. 

so [0036] Referring now to FIG» 9, from an electrical perspective, each of the converter components 116 within the 
energy transformer 110 resemble a capacitor 138 wherein electrical energy induced in the converter component by 
vibration can be represented as a charge differential aaoss the capacitor 138. The electrical circuit 112 connected to 
tiie energy transformer 110 may comprise a resistive component 144, or any other suitat)le element, to dissipate ^e 
induced electrical energy Such an approach provides damping for a broad range of blade vibratory frequencies. 

55 [0037] In embodiments using PZT converter components the electrical circuit 112 may further comprise an inductive 
component to create, in comt)ination with the capacitance 138 of the converter component 115, a resonant circuit A 
resonant circuit is a tuned bandpass filter, in such an emtxxiiment, the energy transformer exhibits a frequency depend- 
ent damping and stiffness. The frequency dependency depends on the values of the components in the circuit. Further. 
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wHh a resonant circuit arrangement, all of the electrical energy is not dissipated in the resistive component 1 44. Instead, 
some of the electrical energy is retumed to the converter component, out of phase relative to the vibratory strain of the 
blade. The returned energy induces a strain in the converter component that opposes the vil)ratory strain of the blade. 
This result Is a variation in the stiffness of the energy transformer throughout a particular range (band) of frequencies, 

5 and a decrease in vibratory stress throughout the range. 

[0038] One situation for which a resonant drcuH Is useful is as follows. High vibratory stresses may occur in a fan or 
other structure if the frequency of a periodic force matches a natural or fundamental frequency of the structure. This Is 
called forced harmonic vibration. The magnitude of the stress at resonance Is determined by the magnitude of the forc- 
ing function and the mass, stiffness and structural damping of the structure. If the frequency of the forcing function is 

70 constant stress reduction can be achieved by increased damping, or by changing the natural frequency of the structure. 

. /.e. changing the mass or stiffness or both. 

[0039] By using a resonant circuit, damping can be tuned (optimized from frequency and magnitude perspectives), 
for a particular application. Thus, tiie desired damping may be achieved with fewer, smaller, axvH or lighter converter 
components compared to that without a resonant circuit. A dimenslonless quantity Q is often used to describe a reso- 

15 nant circuit's characteristics. Q is defined as: Q= (resonant frequency)/bandwldth. A larger Q value results in a larger 
proportion of the electrical energy being converted by the converter component back to mechanical strain. It should be 
understood that a resonant circuit may be provided by circuit topologies other tiian that employed in this embodiment 
[0040] In selecting an Inductor 146. It Is important to recognize that the permeability of Iron depends on tiie mechan- 
ical stress environment. Thus, an inductive component may have one inductance magnitude at one rotor speed and a 

20 different inductance magnitude at another rotor speed. Therefore, the inductor 146 should be designed such that it has 
the desired inductance at tiie expected mechanical stress level. Note that an inductor experiences less mechanical 
stress if located on the disk than if located on the blade. A wound torrbid may provide the most stable magnitude induc- 
tor, but it may not provide the most efficient use of mass. If a gapped E frame is used, care should be taken to keep the 
gap distance constant. A non ferromagnetic such as a kapton wedge may be used to accomplish tiiis. 

25 [0041 ] An active circuit may be used in place of a fixed magnitude inductive component 1 46. Such circuit may provide 
one or more signals to emulate those of the inductor 1 46 in the resonant circuit The active circuit could be powered by 
converted electrical energy ttiat would otiienwise be dissipated in the resistive component The circuit may comprise an 
op amp or more preferably high efficiency discrete transistors. Such a circuit may weigh less than an iron core inductor. 
The circuit may also be self tuning. That is, it may change its inductance magnitude to suit tiie application. In doing so, 

30 the circuit may sense the frequency of the converted electrical energy. One advantage of self tuning is that danping 
characteristics may be tuned to the magnitude and frequency of vibration prevailing at any given moment. This is impor- 
tant in part because tine magnitude and frequency of the blade vibration depends on tiie blade rotation speed, and dif- 
ferent rotation speeds may be employed during engine operation. 

[0042] The electric circuit may be kxjated near the energy transfomier. e.g. on the blade, in order to minimize tiie 
35 lehgtti of the interconnecting conductors. If the circuit is too large to locate on the blade, tiien it may be located on or 
near tiie disK e,g. on tiie circumferentially outer surface 83 of the disk. It may be desirable to select a energy trans- 
former that provides tiie highest possible capacitance in order to keep the magnitude of tiie inductor low. This Involves 
choices detailed hereinbelow. 

[0043] It should be underetood that depending on tiie application, more tiian one el ectrical circuit may be desired. For 

40 example, in ttie best mode embodiment, a single electric circuit Is used to damp one or two modes of vibration. How- 
ever, if more modes. e.g. ten modes, required damping, then additional dissipative circuits may be appropriate. 
[0044] Referring now to RG. 10, an aHernale embodiment for an energy transformer 150 comprises converter com- 
ponents 152 which function substantially the same as but are not as thick as the converter components 116 in the 
energy transformer 110 of tiie first ennbodimenl These components 152 preferably have a shape tiiat is sheet-like, 

45 defined herein as having a length dimension (nadial direction) and widtii dimension (axial direction) substantially greater 
than a thickness dimension (circumferential direction). In one embodiment, tiie dimensions of tiie components are on 
the order of about 2 inches (50.8 mm) long (radial direction), 2 inches (50.8 mm) wide (axial direction), and 0.02 inches 
(0.508 mm) tiiick (circumferential direction), however, the optimal shape (and quantity) of the converters will vary 
depending on size, shape and stresses of the blade. The converter components 152 are ananged in one or more "lay- 

50 ers" in a retainer 154 such as. for example, a preform comprised of a polymer or suitable alternate type of material. 
[0045] Referring now to FIG. 1 1 . adjacent converter component 152 layers may be oriented such tiiat their polled 
directions are oppositely directed (180 degree difference) from one anotiier. i.e. positively polled electrodes in one layer 
face positively polled electi-odes in an adjacent layer, negatively polled electrodes in one layer face negatively polled 
electrodes in an adjacent layer. This component 152 orientation makes electrical interconnection of like polled elec- 

55 trodes easier. For example, a continuous ductile electrical conductor 1 56 such as that shown in FIG. 12 may be used 
to interconnect like polled terminals situated witiiin adjacent layers. Holes 1 57 may be incorporated into the ductile con- 
ductor to improve bonding between the layers of converter components 152. The converter components 152 may alter- 
natively be oriented with their poling directions aligned witii each other, as sham in FIG. 13. However, such orientation 
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requires an electrical insulator layer 1 58 betweer) the layers off converter components 1 52 to prevent electrical connec- 
tion between dissimilarly polled electrodes. 

[0046] Refemng again to FIG. 1 0. the energy transformer 1 50 further comprises polymer layers 1 60. 1 62 which are 
substantially similar to corresponding polymer layers 126. 128 (RG. 8) in the energy transformer 110. The transformer 

5 may further comprise an adhesive layer 164 and fillets 166 which are substantially the same as corresponding adhesive 
layer 1 32 (FIG. 8) and fillets 1 34 (FIG. 8) in the energy transformer 1 10. The edges of the energy transformer 150 may 
be contoured to alleviate stress concentrations on its corners. As with the energy transformer 110 (FIG. 8) of the first 
embodiment, the energy transformer 150 is preferably joined together into a single unit. Adhesive layers (not shown) 
are typically employed between layers of converter components 152 for this purpose. The size and weight of the energy 

70 transformer will typically depend on the desired amount of vibration clamping. 

10047] In a preferred process for affixing the energy transformer 150 to the blade, the convert^- conponents 1 52 are 
first arranged In layers in the retainer 1 54. The retainer 1 54 preferably conrprises either a thermal set or chemically acti- 
vated polymer nraterial and is initially in a flexible form. Pressure is applied either by a mold of identical shape as that 
of the relevant portion of the fan blade or by gas pressure across a bladder as Is done in autoclave processing. The 

IS application of pressure causes the retainer 1 54 to conform to the shape of the fan blade. During this process, each indi- 
vidual converter component 152,may bend slightly to better conform to the fan blade 88. The retainer 154 hardens to 
its final shape. An adhesive layer 164 between the pack and the blade 88 is added if necessary. Alternatively, the 
retainer may be shaped without the blade, e.g. using the process above and later affixed to the blade. 
[0048] This embodiment has several advantages compared to the first embodiment. The converter components 1 52 

so elements are thinner and as obtained commercially, often of higher quality, i.e. smaller size and fewer flaws per cubic 
inch, than the components 116 (FIG. 8) in the first embodiment. This results in greater strength per square inch. These 
converter components 1 52 are also more flexible than those in the first embodinnent. and therefore are more easily con- 
formed to the shape of the blade. Thus, individual grinding of the components is not essential, nor must the blade have 
flat spots. Furthermore, the thinner converter components 152 may couple mechanical strain more efficiently than the 

25 thicker converter components 116 and may be more tolerant of high steady state strains. However, this embodiment 
may result in a lower overall strain transfer coefficient for the energy transformer 1 50 than that of the energy transformer 
1 10 (RG. 8) because of the additional glue layers between the layers of converter components 152. Such layers poten- 
tially hinder the transfer of mechanical strain from the blade to the converter components 152. As in the first embodi- 
ment, care should be taken when selecting and orienting materials. Although shown staggered, the converter 

30 components 152 may alternatively be oriented in substantial registration with each other. 

[0049] The energy transformer 1 50 may be configured to provide any of various different capacitance magnitudes by 
alternatively interconnecting the converter components 152 in parallel, series, or a combination thereof. It should be 
understood that for a given volume, an energy transfomier with 0.01 inch (0.254 mm) thick converter components can 
provide a factor of 1 00 greater capacitance than that provided by an energy transformer with 0.1 inch (2.54 mm) thick 

35 components. (This is because the thinner components provide ten times closer spacing of the corrponent electrodes, 
and also enable ten times as many converter components to be packed within a given volume, potentially resulting In a 
ten times as much cumulative electrode surface area.) A greater capacitance magnitude permits a smaller magnitude 
inductor 1 46 (FIG. 9) with oMous weight and placement advantages. 

[0050] The operation of a damper having an energy transformer similar to the energy transformer 1 50 has been dem- 
40 onstrated on a 1 7 inch (43.1 cm) fan blade for preventing flutter. The parameters of the damper were as follows: 



blade weight: 

converter component (piezoelectric) weight 
piezoelectric capacitance 
45 blade flutter frequency 
resistor without inductor 
resistor with inductor 
inductor 

so [00511 Referring now to FIG. 14, In another embodiment, an energy transformer 1 70 may be substantiaily similar to 
the energy transformers 1 1 0 (FIG. 8). 1 50 (FIG. 1 0) described above, but may be provided with slots 1 72 in the retainer 
174. Such slots 172 afford the energy transformer 170 with greater flexibility thereby facilitating greater conformance to 
the blade 88. Although shown with converter components 1 76 that are larger than converter components 1 16 (FIG. 8). 
152 (FIG. 10), larger converter components are not required. 

55 [0052] As mentioned above, the magnitude of the steady state strain should be considered when selecting a design 
and tocation for the energy transformer. Excessively high dai directed steady state strains can degrade the electrome- 
chanical coupling coefficient of piezoelectric material. Such strains can also crack the piezoelectric cortiponents. Note 
that commercial piezoelectric material typically cracks at 1.000 to 1,500 ppm strain (after polling). Higher quality piezo- 



0.305 pounds (136g) 

0.0198 pounds (8.98g) 

165nanofarads 

292 hertz 

3000 ohms 

500 ohms 

1.7 henries 
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electric typically withstands strain magnitudes as high as to 2,000 ppm. However, the region of a titanium t}lade located 
in the vicinity of the root may stretch 3,000 to 4.000 ppm steady state. The steady state strain may thus be roughly 2.5 
times the tensile strength of PZT ceramic piezoelectrics (note that titanium typically withstands 50 thousand pounds per 
square inch (kpsi) (35x10® kg/m2), while PZT piezoelectric material typically withstands 20 kpsi (14x10® kg/m^). 

5 [0053] Varied approaches may be employed where necessary to prevent piezoelectric components from cracking due 
to excessively high steady state strain. For example, more titanium material could be added to the blade to reduce the 
steady state strain. However, this has obvious weight disadvantages: Alternatively, the piezoelectric components may 
be maintained under compressive forces that counter the steady state stretching forces. One process for achieving this 
uses a force to strain the blade in the same direction as that of the expected steady state strain. The piezoelectric com- 

10 ponents are then affixed to the blade. Aftenward. the force is removed and the blade is allowed to return to its original 
shape, resulting in a compressive force on the energy transformer 1 80 and converter components 1 82. The magnitude 
of the compressive strain is preferably large enough that the combination of the compressive strain and the steady state 
strain does not exceed the capability of the piezoelectric components. 

[0054] Another approach is to employ a gap, mentioned above with respect to FIG. 8, between ttie converter compo- 
15 nents and the blade. Filling the gap with a material that is less stiff than the blade may result in less steady state strain 
being transmitted to the converter components yet still provide suitable transmission of vibratory strain. 
[0055] Referring now to FIG. 15, in another embodiment of damper of the present Invention, an energy transformer 
180 comprises a plurality of converter components 182. The converter components 182 preferably have a block-like 
shape, but are smaller and thinner (enabling a higher capacitance magnitude as explained above with respect to energy 
20 transformer 150 (FIG, 10)). The components 182 are preferably an*anged into one or more stacks 184 that may be 
somewhat similar to the stack 57 of FIG- 3. The stacks 184 may be located within a retainer 186. Components 182 
within a stack are typically electrically connected to each other. Such connection may be provided in part by conductors 
188a, 188bL 

[0056] The stacks 184 are preferably oriented such tiiat the direction of the electrical axis of the converter compo- 

25 nents 182 is substantially parallel to the radial direction. This represents a dss orientation relative to both the radially 
directed vibratory strain and the principal axis of steady state strain. A 622 orientation results in little or no degradation 
of tiie piezoelectric's electromechanical coupling coefficient even under high steady state stress conditions. It also ^ 
results in a higher magnitude coupling coefficient than that provided by the dai orientation. A factor of two improvement ; 
has been observed and ideally, furtiier improvement Is possible, in addition, tiie modulus (mechanical stiffness) pro- 

30 vided by a d33 orientation is greater than that provided by a dsi orientation. 

[0057] The stacks 184 of converter components 182 should be maintained under an end to end 190 compressive 
force. This is because the components in the stack can separate, i.e. crack away, from one another when subjected to 
significant tensile strain. The compressive force should be applied to each stack, preferably In a manner ttiat avoids, 
introducing any adverse (uneven) stresses which could cause the stack 184 to crack. 

35 [0058] One way to put the stack into oompresston Is to first poll the components, then stretch the blade and affix the 
components to it. Such a process is described above yvith respect to the d31 orientation. Alternatively, the stack 184 of 
components 182 may be put into compression by polling it after tiie energy transformer 180 is bonded to the blade 88. 
As described above witti respect to FIG. 1, piezoelectric material typically expands upon polling. If the energy frans- 
former is affixed to the blade prior to polling, ttie converter components 1 82 are restrained from expanding, and instead 

40 end up in a state of compression. The magnitude of tiie polling voltage is preferably adapted to provide the desired pie- 
zoelectric characteristics. 

[0059] Mechanical strain from the blade Is preferstbly transmitted to the stacks primarily through the ends of the stacks 
rather than tiie sides of tiie stacks. This Is to avoid adverse bending sti-ains on tiie stack. The retainer 1 86 may provide 
tiie instrumentality for transmitting forces to tiie stack ends. If so, the retainer shouW be somewhat stiffer (more rigid) 
45 than tiie retainers 118,1 54, 1 74 used in the embodiments above, preferably comprising for example a material such as 
titanium or a rigid plastic such as graphite epoxy composite. 

[0060] Referring now to FIG. 16. tiie components are preferably oriented such that the poled directions of adjacent 
components are oppositely directed from one another Similar to that of adjacent converter component layers in the 
energy transformer 1 50 illustrated in RG. 1 5, This facilitates electrical interconnection of tiie converter components 1 82 

so in tiie stack 184. A conductive layer 192 with a tab shaped electrode 194 may be disposed between each of the con- 
verter components in the stack. The conductive layer 192 electi'icatiy connects like poled electrodes of adjacent com- 
ponents 182. Tabbed eledrodes 194 connected to positively polled converter electrodes project from one side 196 of 
the stack while tabbed electrodes 194 connected to negatively polled converter electrodes project from an opposite side 
1 98 of the stack. The tabs on the one side 1 96 are electrically interconnected by conductor 1 88a. Tabs on the opposite 

55 side 198 are electrically interconnected by conductor 188b. 

[0061] Thin layers of adhesive (not shown) may be disposed between the components to bond the stack togetiier. 
The stack may alternatively be aeated by property anranging the converter components and tiie conductive layers and 
"firing* it together. 
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[0062] Referring now to HGS. 17,18a bfade side 200 of the energy transformer 1 80 and stack 1 84 may iiave a con- 
tour similar to that of the blade surface, which as shown, can have a complex contour (e.g. curved in multiple directions). 
An adhesive layer 202 may be disposed between the energy transformer 1 80 and the blade 88. However, as described 
above, to avoid adverse stress within the stack 1 84, mechanical strain is preferably transmitted to the stacks 184 prima- 

5 rlly through the ends 190 (FIG. 15) of the stack 184 rather than through the blade side 200 of the stack 184. The energy 
transformer 180 may further comprise an outer polymer layer 204 to provide protection for the components within the 
transformer 180. The energy transformer 180 is preferably joined together as a single unit using for example, one or 
more of the methods suggested with respect to the energy transformers 110, 150, 170 described above. The trans- 
former 180 may further include fillets 206 substantially similar to the fillets 134 in the energy transformer 110 (RG. 8). 

10 The edges of the energy transformer,180 may be contoured to alleviate stress concentrations on its corners. 

[0063] Referring now to RG. 1 9. in another embodiment of the damper of the present invention, the blade 88 further 
comprises a retainer 210 that projects in the circumferent'al direction 107 (RG. 6A) from the surface. The retainer 210 
preferably comprises one or more inner sides 212 through wNch radial support may be provided to a proximately 
located energy transformer 220. The retainer 210 may have a shape similar to that of the retainer 186 (FIGS. 15, 18) 

15 whereby it completely encircles the energy transformer 220. although such is not required. The retainer 210 may be 
formed as an integral flange on the blade as shown, or alternatively, formed separately and attached to the blade. 
[0064] Although the retainer may be used with an energy transformer that is substantially the same as the energy 
transfbrmer 1 80 (FIGS. 1 5-1 8), this energy transformer 220 preferably comprises one or more stacks 222 of converter 
components 224 but no retainer. The stacks 222 are substantially the same as the stacks 184 in the transformer 180 

20 (FIGS. 15-18) except that the converter components 226 at the end of the stack may not be electrically connected to 
the other conrtponents in the stack 222, so that they may electrically isolate the stack 222 from the retainer 210. 
[0065] As with the stacks 184 in the transformer 180 (FIGS. 15-18). the stack 222 is preferably placed in a state of 
compression and mechanical strain is preferably transmitted to the stack through ends 232. The retainer 210 can pro- 
vide the instrumentality for transmitting forces to the ends of the stacks 222. Shims 228 may be disposed between the 

25 inner sides 229 of the retainer 210 and the energy transformer 220. The shims 228 should be capable of transmitting 
vibrational strain and comprise an adhesive material, preferably of a type that expands while it cures. 
[0066] The energy transformer 220 preferably does not make contact with the radially directed 106 surface of the 
blade (i.e. bottom of the cavity). An adhesive layer 230 may be disposed between the energy transformer 180 and the 
blade 88, however, as with the stack 184 of energy transformer 180. mechanical strain is preferably transmitted to the 

30 stack 222 primarily through its ends 232 rather than through the blade side 234 of the stack 184. The energy trans- 
former 180 may further comprise an outer polymer layer 236 that Is substantially similar to the outer polymer layer 204 
of the energy transformer 180. A cover 238 may be provided to help protect the energy transformer during blade han- 
dling. 

[0067] Referring now to FIG. 20, in another embodiment, the k>lade comprises a retainer 240 that is similar to the 
35 retainer 210 (RG. 19) except that retainer 240 is recessed rather than projecting from the surface of the blade. The 
retainer 240 has inner sides 242 that are substantially the same as the inner sides 212 of the retainer 210 (RG. 19). 
Such recessed retainer 240 is particularly suited for use where the energy transformer 220 would othennnse be in the 
gas flow 68 path (FIGS. 5A, 5B, 7, 15). 

[0068] Referring now to FIG. 21 . In another embodiment, an energy transformer 250 comprises one or more converter 
40 conponents 252 and a vibration transmitter 254 within a retainer 256 that Is affixed to the blade 88. The converter com- 
ponents arei preferably located radially outward of the vibration transmitter. Both have freedom to move within the 
retainer In at least one direction. The retainer 256 is preferably a container or vessel that may be substantially dosed. 
[0069] The converter components 252 may be similar to any converter components discussed above, but preferably 
comprise a stack 258 that is substantially simitar to the stack 184 of converter components 182 in the energy trans- 
45 former 180 (FIG& 15-16). As with the stacks 184 in the transformer 180 (RGS. 15-18). the stack 258 is preferably 
placed in a state of compression and mechanical strain is preferably transmitted to the stack through ends 260. Com- 
municators 262 disposed on each end 260 of the stack 258 may provide the Instrumentality for transmitting forces to 
the stack 258 without introducing adverse stress, e.g. bending, in the stack 258. 

[0070] The vibration transmitter 254 preferably comprises an inner structure 264 and a layer 266 of viscoelastic mate- 
so rial disposed between the inner structure 264 and the retainer 256. Viscoelastic materials have the quality of being pli- 
able with respect to low frequency strain, e.g. steady state strain, but stiff with respect to high frequency strain. e.g. 
vibratory strain. The inner structure may comprise a slidable ban^ier 268 having an outer seal 270 to keep tiie viscoe- 
lastic material within the vibration transmitter 254. The outer seal may be any of various types of seals including but not 
limited to a flexible metal bellows, an 0-ring, or a dam. 
55 [0071] The energy transformer 250 is electrically connected to an electrical circuit 272. The electrical circuit 272 Is 
substantially the same as the electrical circuit 1 12 (FIG. 7). and may be located on or within the energy transformer 250. 
for example, in a partially hollowed out interior portion of the inner structure 264 as shown, or alternatively, remote from 
the energy transformer 250. 
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10072) In operation, vbratory and steady state strains from the blade are imparted on the retainer. These strains are 
transmitted to the viscoelastic layer which in turn transmits only the vibratory strains to the inner structure. Centrifugal 
force causes the inner structure to move radially outward Irito contact with the stack 258. Once in contact, the inner 
' . structure has the effect of a centrifugal load on the slacK thereby placing the stack in a state of compression. The mass 
5 of the inner structure is preferably preselected so as to result in the desired amount of compression. Vibratory strains 
are trarismitted from the inner structure 264 to ttie converter components 252. As in the embodiments above, the con- 
verter components 252 convert the mechanical strain energy into electrical ener^ that may be dissipated in the elec- 
trical circuit 272. - ' 

10073] There are at least two benefits to this embodiment over the embodiments above. First, the principal steady 
JO state strain of the blade is hot transmitted to (decoupled from) the converter components 252. Thus, little or no tensOe 
strain is imparted on the converter components as a result of the principal steady state strain of the blade. Second, cen- 
trifugal loading may be used to provide a compression force on the converter components. This is particular useful in 
. situations where a zero magnitude net tensile strain Is desired for the converter components. 
* [0074] Referring now to FIG. 22, in another embodiment of the damper of the present invention, a shroud 280 Oink) 
. . 15 • interconnects (couples) a pair of adjacent fan blades 282, 284. Shrouds are commonly used to provide structural stiff- 
ening for the blades in order to help mitigate blade vibration, e.g. circumferential-like directed 1 07 vibration similar to 
that described in FIG. 6A. However, unlike the shroud 280 in this embodiment, shrouds commonly used at present do 
not interconnect adjacent blades, but rather, each blade has its own shroud and the shrouds on adjacent blades make 
contact with each other mid>way between the blades. The contacting shroud an-angement results in rutoing that damp- 
20 ens blade vibration. With a shroud, the frequency of the blade vibration is higher than that without a shroud; higher fre- 
quency vibrations present less of a problem than lower frequency vibrations. However, the use of a shroud generally 
results in a lower efficiency for the engine. This reduction in efficiency can typically be lessened If the shroud is posi- 
tioned at a location 286 closer to the root of the Wade, but a shroud at location 286 is typically less effective with respect 
to vibration than shroud 280. 

25 [0075] . Refen-ing now to FIG. 23, the shroud 280 has a radially inner surface 288 with one or more recessed retainers 
290 each adapted to receive one of one or more energy transformers 292. The retainers 290 are substantially similar 
to the retainer 240 (FIG. 20) except that the retainer 290 is recessed within the surface 288 of the shroud 280 rather 
than the surface of the Wade. The retainer 290 has inner sides 294 that are substantially the same as the inner sides 
242 of the retainer 240 (RG. 20). 

30 [0076] Each of the energy transformers 292 are preferably substantially the same as the energy transformisr 220 (FIG. 
1 9) comprising a stack 296 of converter components 298 that are substantially similar to the stacks 222 of the converter 
\ components 224. Converter components 300 at ends .302 of the stack 296 may not be electrically, connected to the 
other components in the stack 296, so that they may electrically isolate the stack 296 from the retainer 290. 
[0077] As with the stacks 222 in the transformer- 220 (FIG. 19), the stack 296 is preferably placed in a state of com- 

35 pression and mechanical strain is preferably transmitted to the stack through the ends 302. The retainer 290 can pro- 
vide the instrumentality for transmitting forces to the ends 302 of the stacks 296. Shims 304 substantially similar to the 
shims 228 (FIG. 1 9) may be disposed between the inner sides 294 of the retainer 290 and the energy transformer 292. 
[0078] The energy transformer 292 preferably does not make contact with the radially directed 106 surface of the 
shroud (i.e. bottom of the cavity). A layer 306 similar to layer 202 in energy transformer 180 (FIGS. 15-18) may be dis- 

40 posed between the energy transfonner 292 and the shroud, but mechanical strain is preferably transmitted, to the stack 
296 primarily through its ends 302 rather ttian through the shroud side 308 of the stack 296. The energy transformer 
292 may further coniprise an outer polymer layer 310 that Is substantially similar to the outer polyrner layer 204 of the 
energy transformer 180 (FIQS. 15-18). A cover similar to. cover 238 (RG. 19) may be provided to help protect the 
energy transformer'292. 

45 [0079] Refening now to RG. 24, during fan operation, the circumferential-like directed 1 07 vibration of tiie blades 282, 
284 imparts a drciSmferaitial-like directed 107 strain on the shroud 280. This strain is in turn transmitted; in a d33 ori- 
entation, to the converter components 298. As with the embodiments above, the converter components 298, convert 

the mechanical strain energy to electrical energy 

[0080] Centripetal force causes the shroud 280 to bend radially 1 06 outward. Because the shroud 280 interconnects 
so adjacent blades, radially outward bending of the shroud results in compression of the shroiri radially iriner surface 288 
in the circumferential direction 1 1 7. i.e.. in the shroud's longitudinal axis; and thereby results in a compression force on 
the stad« 296 of converter conriponents 298 wifrin the energy transfw 

[0081] A related technique may be used to provide compressive force on the converter componente in the other 
embodiments. For example, compressive force may be provided by locating the converter components at a position on 
55 \ the blade that undergoes suitable bending under steady state conditions. 

[0082] A monitoring system may be Included in any of the above embodiments to verify that damper is operating prop- 
erly over ttie life of the turbomachine. The monitoring system could for example monitor vibration, e.g. flutter vibration, 
and determining whether the magnitude of the vibration is excessive. The monitoring system could also monitor the 
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electrical impedance of the converter components to determine their condition. 

[00831 Although the damper of the present invention is disclosed as having an energy transformer affixed to an exte- 
. ricr surface of a blade, it will be understood that the energy transformer could alternatively be located oh an interior sur- 
face of a hollow blade or embedded irito the blade, e.g. Into the lay up of composite airfoils. It will be recognized that the 
5 damper of the present invention may be adapted for use with any type of turbomachine airfoil, including but not limited 
to any type of blade (rotating airfoil) or vane (non rotating airfoil), it should also be understood that for ar^ particular 
application, knowledge of the airfoil structural dynamics and the particular forces causing the vibration is needed in 
order to best d esign and position the damper components with respect to the airfoil. . 

[0084] A preferred method for determining amounts and placement of the converter components and resistance and 
10 inductance values for the electrical circuit 112 (FIG. 19) follows below. The strain energy distribution in the blade for the 
vibration mode to be damped is determined. This determination, commonly referred to as finite element analysis, typi- 
cally requires a computer aided vibration analysis program, for example NASTRAN. The regions of the blade havirig the 
highest strain energy density are identified and a converter component is placed on these regions so as to maximize 
strain energy coLfpling. In some embodiments, somewhat different placements may be necessary due to concerris 
75 other than vibration, e.g. aerodynamics, weight The converter components should have a thickness that satisfies the 
weight requirements of the embodiment With the converter components so positioned, the strain energy distribution in 
the blade for the vibration mode to be damped is determined. These steps are repeated for each of various converter 
component overall weight, lengths, widths, and thicknesses. For each iteration, data on the total strain energy in the 
blade and in the converter components Is collected. The collected data is used in performing the calculations described 
20 below to estimate, for each of the above iterations, optimum values for the inductor and the resistor and the eHect of the 
converter components on the blade. Although the term PZT appears in the definitions and equations below, these equa- 
tions and definitions are not limited to converter components comprising PZT type materials. Definitions: 



30 



SO 



55 



^pzr ~ 9 

f (l-/cp(1+Cs(^?+Lfl)) 



. ^, where ■ ■' ■ - ' v- - 

•i: ' ' if ih- ^. I:. ' " 

^b/atfe is the blade mechanical impedance. > ' -M- 

35 is the blade stiffness in parallel with the PZT 

k2 is the blade stiffness relatively unaffected by the PZT 

ZpzT is the mechanical impedance of the PZT for a shunted PZT (R in series with L). 
Kg^ is the stiffness of the PZT In an open circuit. 
/Cjf is the PZT electromechanical coupling coefficient. 
40 c is the clamped PZT capacitance. • 
L is the value of the circuit inductor. 
R is the value of the damping resistor, 
s is Laplace parameter, yox 

45 



JL« r r^a%'(1-Hy^.)^(a'-v'(Uy^.))^ 

1+(2-g/,/fp^(v)+(f^p^(v))Vc(1-/c)(1+(i7pz7(v))^) 



where 

xAcst is the dynamic amplification function, and 
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T) is the Uade damping 



f 



where 



if, is the fraction o1 blade compliance in parallel with PZT and is obtained from the results of the finite element 
75 analysis performed above, for each of the finite element analysis iterations performed above. 

fr is the ratio of PZT stiffness to blade stiffness influenced by PZT and is obtained from the results of the finite 
element analysis perfonmed above, for each of the finite element analysis Iterations performed above. 

20 [0085] Each iteration of the finite element analysis performed above results in one combination of values for f^ and f r. 
For each . fr combination. K| and ^| are calculated where 

K?, — — 



25 {1-4)(1+Vc)0+^^"Vl) 

and 

35 [0086] K| is a measure of how much of the total strain energy of the system gets converted into electrical energy 
^1 is a measure of how much blade strain is lost due to the tact that the PZT is influencing only a portion of the blade. 
Note that h is typically desired to maximize K| while nninimizing and total blade weight 
[0087] For each combination of K| and ^| an optimum R and L are calculated using the equations below: 
[0088] The optimum values for rand a are: 

40 . 



45 



50 ' Ca>r, 



1 



where 



55 



V is the ratio of forced vibration frequency, fi)^, to the natural modal frequency.fi>;,, of the blade with the PZT in open 
circuit 

r is a damping tuning parameter, RC<i)„ (f? is the resistance, C is the clamped PZT capacitance and con is the nat- 
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urai mcxJal frequency. 

a is the ratio of eiectrical resonant frequency. . . 

• 1 ' 

* ' - . ^ JLC 

to the natural modal frequency, o)^ 

1*3 [0089] Then, using the equation for x/x^t . i.e.. the dynamic anplification function, the amount of vibratory stress 
reduction provided by that combination of K| and and its associated optimum R and L values are calculated. The 
dynamic amplification function provides an indication of resulting stress in the blade as function of frequency for a given 
excitation. 

[0090] The preferred method above was used to obtain optimum precBcted parameter values for an embodiment com- 
15 prising an experimental fan blade and a damper of PZT components bonded to the blade. Testing was then performed 
to empirically determine optimum values, and the predicted values and the empirically determined values are listed 
below. 

[0091] From NASTRAN finite element, analysis: 

so fc =.536 
^.==.633 

[0092] Theappropriate/c^ coupling constant for PZT 5A used in thts.embodim 

25 ^ /C3^ S..34 

[0093] Predicted optimum values using preferred process above: ■ 

L = 3.84 Henries . . , . ^ 

30 fl = 825 Ohms 
n(v=:1)=.O70 

[0094] Empirically determined optimal values: 

35 fl = 708 Ohms 

L 3.78-3.85 Henries 

The blade damping (loss factor) : 0.08-0.09. 

[0095] The closeness between the predicted and the empirically determined values demonstrate that damping can 
40 be very well predicted by analytical and computer modelling and that damping optimization can be obtained by minimiz- 
ing PZT weight, size, and thickness through proper placement procedures. 

[0096] The reason for the slightly higher than predicted damping is that the PZT on the blade is being stretched both 
longitudinally and also, to a lesser extent, transversely. Hence there Is both a dg^ and CI32 component which would 
effectively increase the' k^-j coupling constant. This would lead to ah increased effective damping. 

45 [0097] White disclosed with respect to passive damping, the damper of the present Invention may also be employed 
in an active control schf^me, wherein, for example, a vibration sensor detects vibration and a control circuit applies a 
voltage to the converter components to induce strain that opposes the detected vibration. An active control scheme 
generally requires a sensor, a signal processor, an actuator and a power source. However, an active embodiment may 
not require as large a quantity of converter conponent material as that required by a passive embodiment. 

so [0098] Lastly, it should be obvious to one skilled in the art that the energy transformer need only comprise the con- 
verter components. - 
[0099] The converter conponents may comprise any suitable material. This includes but is not limited to classes of 
materials generally referred to as prezoelectrics, piezomagnettcs, fen-oelectric. and magnetostrictive. Of particular note 
within the class of piezoelectrics are piezoelectric ceramics including lead ztrconate titanate (PZT) and composites of 

55 such, quartz, organic compounds, tormeline. polyvinylidene f louride (PVDF). 

[0100] Although the present invention is disclosed with respect to embodiments br use with a fan blade, the present 
invention has general applicability to any turbomachine component that experiences vibratory stress, and provides par- 
ticular advantages for use with components that must endure high steady state stress. Components having high steady 
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state stress includes but is not limited to not only rotating airfoils but also vanes, which have rtgh stress due to the veloc- 
ity of the gas path, and nacelle.conponents and other components that provide air management surfaces in the engine. 
[0101] While the particular invention has been described with reference to particular embodiments, this description is 
not' meant to be construed in a limiting sense. It is understood that various modifications of the above embodiments, as 
5 well as additional embodiments of the invention, vwH be apparent to persons skilled in the art upon reference to this . 
description, without darting from the scope of the invention, as recited In the claims appended hereto. It is therefore 
contemplated that the appended claims will cover any such modifications or embodiments as fall within the true scope 
- of the invention. 

10 Claims • • 

1 . An apparatus for passive damping of vibratory strain in a turbomachine component that experiences high steady 
state strain, the vibratory strain having associated with it mechanical energy, the apparatus conriprising: 

15 . a mechanlcal-to-eleclromagnetic energy transformer (110; 150:170;180;220;250;292) mechanically coupled 
to the component, said energy transformer receiving mechanical energy associated with the vibratory strain of 
the component and producing, from said mechanical energy, electromagnetic energy: and 

an electromagnetic circuit electromagnetically coupled to said energy transformer, said circuit receiving elec- 
20 tromagnetic energy, from said energy transfonner, that is then dissipated. 

2. An apparatus for damping of vibratory strain in a tuibomachine component that experiences high steady state 
strain, the component having a surface, the vibratory strain having associated with it mechanical energy, the appa- 
ratus conrprising: 

25 ' 

a mechanical-to-electromagnetic energy transformer (110; 150;170;180:220250292) mechanically coupled 
to the surface of the component, said energy transformer receiving mechanicai energy assodated with the 
vibratory strain of the component and producing, from said mechanical energy, electromagnetic energy; and 

30 an electromagnetic circuit electromagnetically coupled to said energy transformer, said circuit receiving elec- 

tromagnetic energy, from said energy transformer, that is then dissipated. 

3. The apparatus of claim 1 or 2 wherein the turbomachine component is for use in an engine having a gas path and 
the component comprises an air management surface for the gas path. 

35 . . * 

4. The apparatus of daim 1. 2 or 3 wherein the component is an airfoil (90). 

5. The apparatus of daim 4 wherein the component is a rotating airfoil. 

40 6. The apparatus of any preceding claim wherein said electromagnetic circuit conprises an electrical circuit and said 
electromagnetic coupling of said mechanical-to-eiectromagnetic energy transfomier (110:150;170;180;220; 
250;292) and said electrical circuit comprises electrical coupling. . 

7. The apparatus of any preceding daim wherein said mechanical-to-electromagrietic energy transformer (110; 
45 I50:170;180;220;250;292)conrprises a piezoelectric material. 

8. the apparatus of any preceding claim wherein said electromagnetic energy is dissipated electrically. 

9. The apparatus of any preceding daim wherein said mechanical-to-electromagnetic energy transformer (110; 
so 120;150;170:180;220;250;292) Is substantially compliant prior to affixing it to the component 

10. The apparatus of any preceding claim wherein the component has a surface and said mechanical-to-electromag- 
netic energy transformer (1 10;150;170;180; 220;250;292) is affixed to said surface. 

55 11, The apparatus of daim 10 wherein the turtwmachine component is for use in an engine having a gas path and said 
mechanical-to-electromagnelic energy transformer (1 10;150;1 70;180?20;250;292) is affixed to a location of said 
surface that is not in said gas path. 
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12. The apparatus of any of claims 4 to 1 1 wherein the airfoil has a shroud (280) and said mechanical-to-electromag- 
netc energy transformer (292) is affixed to said shroud. 

13. The apparatus of any preceding daim wherein the component has an integral retainer (118-154'174-210-240- 
s 250290) and said mechanical-fo-electromagnetic energy transformer (110;150;170:180;220250-292) is located 

within said retainer. ' 

14. The apparatus of any preceding claim wherein the energy transformer (ll0;150:170;180;220:250-292) comprises 
a retainer (118:154;174210:24P250;290) having ends affixed to the component and said retainer revives 
mechanical energy primarily through said ends. 

15. The apparatus of any preceding claim wherein said mechanical-to-electromagnetic energy transformer (1 10- 150V 
comprises a converter component (116:152) having a sh^e.that Is sheet-like. 

IS 16. The apparatus of any of claims 1 to 14 wiherein said mechanical-to-electromagnetic energy transformer (170- 
180;220;250?92) compnses a plurality of converter components (182224252298) arranged in a slack. 

of preceding daim wherein said mechanical-to-electromagnetic energy transformer (110- 
150:1 70:180;220250;292) comprises a viscoelastio material and receives mechanical energy from the conponem 
so through said viscoelasfic material. 

-^f*"^ preceding daim wherein said mechanical-to-electromagnetic energy transformer (110- 

150:170:180220:250292) is airixed to the component in such a manner as to provide conpresslve force to said 
energy transformer. 

19. The apparatus of claim 18 wherein said manner comprises applying a force to the component causing the corrpo- 
nent to bend said mechanical-to-electromagnetic energy transformer (110;150;170;180220250292) is then 
affixed to the component and said bending force is then removed. 

^' fffZ-f-^f °^ ^^'"^ °' compressive force is applied to said energy transformer 

(110:150;170;180:220;250;292)whenthecomponentissubjectedtohighsteadystatestress. • 

21. Amethodforpassivedanpingofvil)ratorystraininaturtx)madiinecomponentthatex^ 
strain, the vibratory strain having associated with it mechanical energy, the method comprising: 

providing a mechanical-to-electromagnetic energy transfonmer (1 10;1 S0;170;180;220250:292) mechanically 
coupled to the component, said energy transformer receiving mechanical energy associated with the vibratory 
strain of the component and producing, from said mechanical eneipy. electromagn«ic energy; and 

providing an electromagnetic circuit electromagnetically coupled to said energy transformer, said drcuit receiv. 
mg electromagnetic energy, from said energy transformer, that is then dissipated. 

22. A method for damping of vibratory strain in a tuitomachine conponent that experiences high steady state strain 
the component having a surface, the vibratory strain having assodated with it mechanical enemy, the appaiatu^ 

*s compnsing: -Kh^-ciuo 

providing a mechanical-to-electromagnetic energy transformer (110;160;170;180;220;250;292) mechanically 
coipled to the surface of the component, said energy transformer receiving mechanical eneiw associated 
with the vibratory strain of the component and producing, from said mechanical energy, electromagnetfo 

energy: and . 

providing an electromagnetic circuit electromagnetically coupled to said energy transformer, said drouit receiv- ' 
mg electromagnetic energy, from said energy transformer, that is then dissipated. 

55 23. A method as darned in daim 21 or 22. wherein the method is achieved by the apparatus as daimed in any of 
Claims 1 to 20. 
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FIG, 18 




FIG. 19 FIG, 20 
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FIG. 21 
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FIG. 24 
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